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1
METHOD FOR MEASURING
SUBTERRANEAN FORMATION DENSITY
USING A NEUTRON GENERATOR

FIELD OF THE INVENTION

The present invention relates generally to methods for
making formation density measurements in a subterranean
borehole. More particularly, the present invention relates to
methods for measuring formation density measurements
using a neutron generator.

BACKGROUND OF THE INVENTION

Nuclear logging techniques are commonly used in both
wireline logging and logging while drilling operations. For
example, neutron logging techniques are commonly
employed to compute formation porosity. Gamma ray log-
ging techniques are employed to compute bulk formation
density, from which formation porosity can also be derived,
possibly in combination with the neutron porosity measure-
ment. Conventional bulk density measurements commonly
make use of an isotopic source of gamma rays (also referred
to as a chemical source), such as *” Cs . Such radioactive
chemical sources have obvious disadvantages from a radia-
tion safety viewpoint and these disadvantages are of some
concern in measurement or logging while drilling (MLWD)
applications. Owing to these safety concerns (and potential
security concerns as well), there is a desire in the oilfield
services industry to replace the traditional **7 Cs source (see,
for example, National Academy of Sciences, Radiation
Source Use and Replacement: Abbreviated Version, The
National Academies Press, 2008).

U.S. Pat. Nos. 5,608,215 and 5,804,822 to Evans et al
disclose nuclear logging methods for measuring a formation
density that employ an accelerator based neutron generator.
Neutrons emerging from the accelerator interact with the tool,
the borehole fluid, and the formation to produce gamma rays
that can be detected elsewhere in the tool. These gamma rays
may be thought of as being generated by a “secondary”
gamma ray source (as opposed to a primary source such as the
aforementioned chemical source). Neutrons may also be
detected at the tool and used to correct for neutron attenuation
effects on the secondary gamma ray source. The detected
gamma rays (and neutrons) are analyzed to estimate a forma-
tion bulk density.

While the *215 and 822 patents disclose methods for esti-
mating a formation bulk density without using a chemical
source of gamma rays, the disclosed methods tend to be
inaccurate. For example, these patents disclose that second-
ary gamma rays are produced via interactions of the neutrons
with the logging tool, the borehole fluid, and the formation. It
is further disclosed that these secondary gamma rays are used
to compute the formation density. It will be readily apparent
to those of ordinary skill in the art that gamma rays originat-
ing in the tool and the borehole fluid carry less information
pertaining to the formation density than those from the for-
mation. The failure to discriminate between gamma rays
originating in the formation and gamma rays originating in
the tool or the borehole fluid essentially averages all detected
gamma rays, which can lead to significant errors in the esti-
mated formation density.

Moreover, the secondary gamma rays can be generated via
two distinct neutron interactions; inelastic scattering events
and neutron capture events. The number of gamma rays pro-
duced via neutron capture events tends to be strongly influ-
enced by the amount of hydrogen and the thermal neutron
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capture cross section of the formation. The number of gamma
rays produced via inelastic scattering events is less dependent
on these quantities and therefore tends to be more directly
related to formation density. Odom et al in U.S. Pat. No.
5,900,627 attempt to eliminate gamma rays produced via
neutron capture events by the use of a pulsed neutron genera-
tor. While such pulsing can eliminate many of the capture
gamma rays, further improvements are needed to more fully
discriminate between the inelastic and capture gamma rays.
Therefore there is a need in the art for an improved forma-
tion density logging technique that makes use of a neutron
generator. In particular there is a need for a method that
improves the accuracy of the measured formation density.

SUMMARY OF THE INVENTION

The present invention addresses the above-described need
for improved nuclear logging methods for determining for-
mation density in downhole drilling operations. Aspects of
this invention include methods for determining a formation
density in which neutrons are generated using a neutron gen-
erator. Corresponding secondary gamma rays are detected
and evaluated according to predetermined selection criteria.
The selected gamma rays are then used to compute the for-
mation density. The selection criteria may include, for
example, a time delay between the detection of a neutron and
the associated particle and/or a direction of propagation of the
neutron.

Exemplary embodiments of the present invention may
advantageously provide several technical advantages. For
example, embodiments of the invention provide for improved
accuracy formation density measurements to be made in
wireline and MWD operations using a neutron generator. The
improved accuracy is obtained at least in part by selecting
primarily inelastic gamma rays generated in the formation.

The invention also advantageously enables density images
to be made using a neutron generator. While neutrons are
emitted by a neutron generator in all directions, detection of
an associated particle enables the consideration of only neu-
trons that are emitted within a certain solid angle to be con-
sidered for deriving the density of the formation. By includ-
ing information on the location of the “secondary” gamma
source, a density image can thus be generated, even if the tool
does not rotate in the borehole.

In one aspect the present invention includes a method for
measuring a formation density of a subterranean formation.
The neutrons are generated and emitted into a surrounding
borehole environment in a subterranean borehole using an
accelerator based neutron generator. Secondary gamma rays
are detected in the subterranean borehole. The secondary
gamma rays are generated by an interaction between the
generated neutrons and the surrounding borehole environ-
ment. A processor identifies certain ones of the detected sec-
ondary gamma rays based upon predetermined selection cri-
teria and then processes the identified a gamma rays to
compute a formation density of the subterranean formation.
The selection criteria may include, for example, coincidence
with an associated particle, a time delay within predetermined
limits between an associated particle and to the detected
gamma ray, and/or an associated particle having a circumfer-
ential position or azimuth angle within predetermined limits.

The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that the
detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter, which form the sub-
jectof the claims of the invention. It should be appreciated by
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those skilled in the art that the conception and the specific
embodiment disclosed may be readily utilized as a basis for
modifying or designing other structures for carrying out the
same purposes of the present invention. It should also be
realized by those skilled in the art that such equivalent con-
structions do not depart from the spirit and scope of the
invention as set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIG. 1 depicts a conventional drilling rig on which exem-
plary method embodiments of the present invention may be
utilized.

FIG. 2 depicts a flowchart of one exemplary method
embodiment in accordance with the present invention.

FIG. 3 depicts an exemplary nuclear logging tool configu-
ration on which method embodiments of the present inven-
tion may be utilized.

FIG. 4 depicts a circular cross section of one exemplary
embodiment of the alpha particle detector shown on FIG. 3.

FIG. 5 depicts a flowchart of another method embodiment
in accordance with the present invention.

FIG. 6 depicts a block diagram of still another method
embodiment in accordance with the present invention.

DETAILED DESCRIPTION

FIG. 1 depicts an exemplary offshore drilling assembly,
generally denoted 10, suitable for employing exemplary
method embodiments in accordance with the present inven-
tion. In FIG. 1 a semisubmersible drilling platform 12 is
positioned over an oil or gas formation (not shown) disposed
below the sea floor 16. A subsea conduit 18 extends from deck
20 of platform 12 to a wellhead installation 22. The platform
may include a derrick and a hoisting apparatus for raising and
lowering the drill string 30, which, as shown, extends into
borehole 40 and includes drill bit 32 and a nuclear logging
tool 50. Drill string 30 may optionally further include sub-
stantially any number of other downhole tools including, for
example, other measurement while drilling or logging while
drilling tools (referred to herein collectively as MLWD tools),
stabilizers, a rotary steerable tool, and a downhole drilling
motor.

It will be understood by those of ordinary skill in the art that
the deployment illustrated on FIG. 1 is merely exemplary. It
will be further understood that exemplary embodiments in
accordance with the present invention are not limited to use
with a semisubmersible platform 12 as illustrated on FIG. 1.
The invention is equally well suited for use with any kind of
subterranean drilling operation, either offshore or onshore.
While FIG. 1 depicts a drilling operation, it will also be
understood that the invention is not limited to MLWD meth-
ods, but may also be utilized in wireline operations.

FIG. 2 depicts a flow chart of one exemplary method
embodiment 100 in accordance with the present invention.
Method 100 includes a method for estimating a bulk forma-
tion density from the detection of gamma rays. At 102 neu-
trons are generated using a neutron generator, for example, an
accelerator based generator making use of the deuterium-
trittum (D-T) fusion reaction. The neutrons emerge from the
generator and interact with the borehole (i.e., with the envi-
ronment surrounding the borehole including the tool, the
borehole fluid and the formation) to produce secondary
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gamma rays as described above in the Background Section.
These gamma rays may be detected at 104 using one or more
gamma ray detectors deployed on the downhole tool. Prede-
termined selection criteria are applied to the detected gamma
rays at 106. Gamma rays that meet the criteria are selected
while that those that do not meet the criteria are rejected. The
selected gamma rays are then processed at 108 to compute a
formation density.

FIG. 3 depicts one exemplary embodiment of a nuclear
logging tool 50 suitable for use with methods in accordance
with the present invention. Logging tool 50 is shown
deployed in a subterranean borehole 40 and may include a
wireline logging tool or an MLWD tool (e.g., as depicted on
FIG. 1). The invention is not limited in these regards.

Logging tool 50 includes a neutron generator 52 config-
ured to provide high energy neutrons. For example, neutron
generator 52 may include an accelerator based generator that
makes use of the deuterium-tritium (D-T) fusion reaction. In
one such embodiment, a tritium containing target 54 is bom-
barded with high energy deuterium ions (depicted at 56) to
produce 14 MeV neutrons and associated 3.5 MeV alpha
particles via the nuclear fusion reaction: D+ T=*c+'n.
Those of ordinary skill in the nuclear arts will appreciate that
the alpha particle and the neutron are produced simulta-
neously and emitted in opposite directions (they are therefore
correlated in time and space). As a result, the direction of the
alpha particle specifies the trajectory of the neutron (and visa
versa).

Neutron generator 52 further includes at least one (and
preferably a plurality of) alpha particle detectors 58 deployed
about the target 54 (e.g., about the deuterium ion beam 56 as
depicted). Each alpha detector typically includes a scintilla-
tor, a light guide, and a photomultiplier tube. The alpha par-
ticle detector(s) 58 is(are) configured to detect alpha particles
emitted from the target in directions contained within a pre-
determined solid angle. The alpha particle detector(s) is(are)
configured (i.e., sized, shaped, and located with respect to the
target) such that the solid angle corresponds to neutrons that
are emitted outward into the formation as depicted. In
embodiments having a plurality of detectors, each individual
detector makes up a portion of that solid angle so that the
direction of any particular detected alpha particle (and by
extension its associated neutron) can be determined based
upon which of the individual detectors receives the particle.
For example, FIG. 4 depicts a circular cross section of an
exemplary alpha particle detector (looking up the longitudi-
nal axis of the tool 50) having four circumferentially spaced
detectors 58A, 58B, 58C, and 58D.

With continued reference to FIG. 3, logging tool 50 typi-
cally further includes a neutron shield 62 located axially
between the neutron generator 52 and one or more detectors
64 and 66. Logging tool 50 includes at least one gamma ray
detector 66 (and although not depicted preferably includes at
least first and second axially spaced gamma ray detectors).
The gamma ray detector(s) may include, for example, a con-
ventional Nal or BaF, gamma ray detector. Logging tool 50
may further optionally include a conventional neutron detec-
tor 64, for example, a conventional *He neutron detector. It
will be understood that the invention is not limited to any
particular detector types. Nor is the invention limited to a tool
configuration including first and second detectors. A single
detector configured to detect both gamma rays and neutrons
may be sufficient.

FIG. 5 depicts a flow chart of an alternative method
embodiment 150 in accordance with the present invention.
Method 150 is similar to method 100 in that it includes a
method for computing a formation density from the detection
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of gamma rays. Neutrons are generated using a neutron gen-
erator and emitted into a subterranean formation at 152. The
neutron generator may include, for example, an accelerator
based generator making use of a deuterium-tritium (D-T)
fusion reaction as described in more detail above with respect
to FIGS. 2 and 3. Gamma rays are detected at 154 using at
least one gamma ray detector (e.g., detectors 66 on FIG. 3).
Alpha particles are detected at 156 using at least one alpha
particle deployed in close proximity to the neutron generator
(e.g. detector(s) 58 on FIG. 3). Neutrons may also optionally
be detected at 156 (e.g., using neutron detector 64 on FIG. 3).

The detected alpha particles and gamma rays are evaluated
in combination at 160 to determine whether or not detected
gamma rays meet various selection criteria. Gamma rays that
meet the selection criteria may then be selected at 162 and
processed at 164 to obtain a density of the subterranean for-
mation using computational methods known to those of skill
in the art. Detected neutrons may also be utilized in the
formation density processing at 164. The invention is not
limited in these regards.

The detected alpha particles and gamma rays may be evalu-
ated at 160, for example, for coincidence. Those of ordinary
skill in the art will readily recognize that by coincidence it is
meant that the alpha particular and the gamma ray are asso-
ciated with one another (i.e., the alpha particle and the emitted
neutron from which the gamma ray is generated are associ-
ated in time and space from the same nuclear event). Such
coincidence may be determined, for example, via a time
correlation (e.g., a gamma ray detected within 10 nanosec-
onds of an alpha particle may be said to be in coincidence with
the alpha particle). Those of skill in the art will appreciate
time correlation may be determined via software or hardware
means. The selection criteria at 162 may include coincidence
such that only gamma rays having coincidence with a corre-
sponding alpha particle are selected.

The evaluation at 160 may further include a measurement
of a time delay between a detected alpha particle and an
associated gamma ray. Such a time delay is approximately
equal to the time of flight of the neutron generated at 152
(since the velocity of the gamma ray is much greater than that
of the neutron) and therefore tends to be indicative of the
distance traveled by the neutron prior to inelastic scattering
and generation of the detected gamma ray. The selection
criteria at 162 may require that the time delay be within a
predetermined range (e.g., within 5 to 10 nanoseconds). By
selecting an appropriate range of time delays, only gamma
rays emitted within a desired location in the formation are
selected (e.g., between arcs t, and t; on FIG. 2).

The evaluation at 160 may still further include an identifi-
cation of a circumferential or azimuthal direction of the
detected alpha particles. For example, in a tool embodiment
having a plurality of alpha detectors (e.g., as depicted on FIG.
4), the particular detector at which the alpha particle is
detected may be used to identify a circumferential position on
the tool. The detector may be further correlated with a con-
ventional azimuth measurement to identify an azimuthal
position (or direction). The selection criteria at 162 may
include the circumferential or azimuthal position. For
example, the selection criteria may require that the selected
gamma rays be coincident with alpha particles detected by a
particular alpha particle detector (e.g., detector 58A on FIG.
4). Such selection criteria may enable density imaging mea-
surements to be made (e.g., in applications in which the tool
is substantially non-rotating). Alternatively, the selection cri-
teria may require that the selected gamma rays be coincident
with alpha particles detected within a predetermined range of
azimuth angles (e.g., azimuth angles defining the high side of
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the tool). Again, such criteria may enable density imaging
measurements to be made (e.g., in applications in which the
tool is rotating in the borehole).

FIG. 6 depicts a block diagram of another method embodi-
ment in accordance with the present invention. Neutrons are
generated, as described above, at 202 using an accelerator
based neutron generator. Alpha particles, gamma rays, and
neutrons are detected at 204, 206, and 208, respectively. At
210 the detected alpha particles and gamma rays are evalu-
ated for coincidence. In the absence of coincidence, the
detected gamma rays are discarded. When coincidence is
obtained, a time difference between the alpha particle detec-
tion and gamma ray detection is computed at 212. The alpha
particles are further evaluated at 214 to determine a direction
of neutron propagation (e.g., by determining which of a plu-
rality of detectors received the alpha particle). An approxi-
mate location of the gamma ray emission is determined at 216
from the time difference and the neutron direction. Each of
the detected gamma rays is then evaluated at 220 to determine
whether or not it meets predetermined selection criteria.
Gamma rays that meet the selection criteria are then pro-
cessed in combination with the detected neutrons at 222 to
determine a formation density. Gamma rays not meeting the
predetermined selection criteria may be discarded.

It will be understood that the aspects and features of the
present invention may be embodied as logic that may be
processed by, for example, a computer, a microprocessor,
hardware, firmware, programmable circuitry, or any other
processing device well known in the art. Similarly the logic
may be embodied on software suitable to be executed by a
processor, as is also well known in the art. The invention is not
limited in this regard. The software, firmware, and/or process-
ing device may be included, for example, on a downhole
assembly in the form of a circuit board, on board a sensor sub,
or MLWD sub. Alternatively the processing system may be at
the surface and configured to process data sent to the surface
by sensor sets via a telemetry or data link system also well
known in the art. Electronic information such as logic, soft-
ware, or measured or processed data may be stored in
memory (volatile or non-volatile), or on conventional elec-
tronic data storage devices such as are well known in the art.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alternations can be made herein
without departing from the spirit and scope of the invention as
defined by the appended claims.

We claim:

1. A method for measuring a formation density of a sub-
terranean formation, the method comprising:

(a) generating neutrons in a subterranean borehole using an
accelerator based neutron generator, said generated neu-
trons being emitted into a surrounding borehole envi-
ronment;

(b) detecting secondary gamma rays in the subterranean
borehole, the secondary gamma rays being generated by
an interaction between the neutrons generated in (a) and
the surrounding borehole environment, and detecting
neutrons in the subterranean borehole, the neutrons
returning after being emitted into the surrounding bore-
hole environment and the neutrons representing an azi-
muthally average neutron count;

(c) causing a processor to identify certain ones of the sec-
ondary gamma rays detected in (b) based upon prede-
termined selection criteria identifying the secondary
gamma rays as resulting from a neutron interacting with
an azimuthally specific part of the formation less than a
360 degree azimuthal angle around the formation; and



US 9,057,794 B2

7

(d) causing a processor to process the gamma rays identi-
fied in (c) and the neutrons generated in (b) to compute
a formation density of the subterranean formation.

2. The method of claim 1, wherein the neutrons are gener-
ated in (a) via bombarding a tritium containing target with
high energy deuterium ions.

3. The method of claim 1, wherein (b) further comprises
detecting associated particles generated by the accelerator
based neutron generator.

4. The method of claim 3, wherein the predetermined selec-
tion criteria comprise coincidence between the gamma rays
and associated particles detected in (b).

5. The method of claim 3, wherein the predetermined selec-
tion criteria comprise a time delay within predetermined lim-
its between the detection of an associated particle and a
gamma ray in (b).

6. The method of claim 3, wherein the predetermined selec-
tion criteria comprise said detected associated particles hav-
ing a circumferential or azimuthal position within predeter-
mined limits.

7. The method of claim 3, wherein the associated particles
are alpha particles.

8. A method for measuring a formation density of a sub-
terranean formation, the method comprising:

(a) generating neutrons and alpha particles in a subterra-
nean borehole using an accelerator based neutron detec-
tor, said generated neutrons being emitted into a sur-
rounding borehole environment;

(b) detecting secondary gamma rays and neutrons that
return after being emitted into the surrounding borehole,
the secondary gamma rays being generated by an inter-
action between the neutrons generated in (a) and the
surrounding borehole environment and the neutrons rep-
resenting a neutron count relating to a first azimuthal
solid angle;

(c) detecting alpha particles generated by the accelerator
based neutron generator;

(d) causing a processor to identify a subset of certain ones
of the secondary gamma rays detected in (b) for which
there is coincidence with corresponding alpha particles
detected in (c) such that the identified secondary gamma
rays correspond to a second azimuthal solid angle dif-
ferent from the first azimuthal solid angle;

(e) causing a processor to process the gamma rays identi-
fied in (d) and the neutrons identified in (b) to compute a
formation density of the subterranean formation.

9. The method of claim 8, wherein the neutrons are gener-
ated in (a) via bombarding a tritium containing target with
high energy deuterium ions.

10. A method for measuring a formation density of a sub-
terranean formation, the method comprising:

(a) generating neutrons and alpha particles in a subterra-
nean borehole using an accelerator based neutron detec-
tor, said generated neutrons being emitted into a sur-
rounding borehole environment;

(b) detecting alpha particles generated by the accelerator
based neutron generator;
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(c) detecting secondary gamma rays and neutrons that
return after being emitted into the surrounding borehole,
the secondary gamma rays being generated by an inter-
action between the neutrons generated in (a) and the
surrounding borehole environment;

(d) measuring a time delay between the alpha particles
detected in (b) and corresponding gamma rays detected
in (¢);

(e) causing a processor to identify the secondary gamma
rays detected in (c) in which the time delay measured in
(d) is within predetermined limits such that the identified
gamma rays correspond to a different total solid azi-
muthal angle from the formation than the neutrons iden-
tified in (c); and

() causing a processor to process the gamma rays identi-
fied in (e) and the neutrons identified in (¢) to compute a
formation density of the subterranean formation.

11. The method of claim 10, wherein the neutrons are
generated in (a) via bombarding a tritium containing target
with high energy deuterium ions.

12. A method for measuring a formation density of a sub-
terranean formation, the method comprising:

(a) generating neutrons and alpha particles in a subterra-
nean borehole using an accelerator based neutron detec-
tor, said generated neutrons being emitted into a sur-
rounding borehole environment;

(b) detecting alpha particles generated by the accelerator
based neutron generator;

(c) detecting secondary gamma rays and neutrons that
return after being emitted into the surrounding borehole,
the secondary gamma rays being generated by an inter-
action between the neutrons generated in (a) and the
surrounding borehole environment and the neutrons rep-
resenting an azimuthally average neutron count;

(d) identifying a circumferential or an azimuthal position
of the alpha particles detected in (b);

(e) causing a processor to identify the secondary gamma
rays detected in (c) for which the corresponding alpha
particles have a circumferential or azimuthal position
within predetermined limits that are less than a total
circumferential position or a total azimuthal position;
and

() causing a processor to process the gamma rays identi-
fied in (e) and the neutrons identified in (¢) to compute a
formation density of the subterranean formation.

13. The method of claim 12, wherein the neutrons are
generated in (a) via bombarding a tritium containing target
with high energy deuterium ions.

14. The method of claim 12, wherein:

(d) further comprises measuring a time delay between the
alpha particles detected in (b) and corresponding gamma
rays detected in (c);

(e) comprises causing a processor to identify the secondary
gamma rays detected in (¢) for which (i) the correspond-
ing alpha particles have a circumferential or azimuthal
position within predetermined limits and (ii) the time
delay measured in (d) is within predetermined limits.
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